Short base-paired RNA fragments, and fragments containing intra-RNA cross-links, were isolated from E. coli 23S rRNA or 50S ribosomal subunits by two-dimensional gel electrophoresis. The interactions thus found were used as a first basis for constructing a secondary structure model of the 23S rRNA. Sequence comparison with the 23S rDNA from Z. mays chloroplasts, as well as with the 16S (large subunit) rDNA from human and mouse mitochondria, enabled the experimental model to be improved and extrapolated to give complete secondary structures of all four species. The structures are organized in well-defined domains, with over 450 compensating base changes between the two 23S species. Some ribosomal structural "switches" were found, one involving 5S rRNA.
INTRODUCTION
Three groups have published models for the secondary structure of the 16S ribosomal RNA from E. coli (1) (2) (3) (4) . The experimental approach used by two of these groups (1, 4) involved detailed analyses of the sites of chemical modification by single-strand specific reagents, or the sites of hydrolysis by nucleases. Our model (3) on the other hand was based on the direct identification of short base-paired fragments of the RNA (2) , and the analysis of sites of intra-RNA cross-linking (5) . In all three models a comparison with other ribosomal RNA sequences was used to refine and extend the experimental data. This comparative approach had already been applied successfully to models of tRNA and 5S rRNA (e.g. 6 ) , and is the factor primarily responsible for the large measure of agreement which now exists between the three 16S models. The sequence of the 16S rDNA from Z. mays chloroplasts (7) was particularly useful for these comparisons, since it shows 74% homology to the E. coli 16S rRNA. This degree of homology is large enough for the two sequences to be compared directly, while at the same time the degree of divergence is sufficient to allow a considerable number of "compensating base changes" to be found in the double-helical regions of the structure.
More recently, sequences for the large ribosomal subunit RNA genes from several species have become available. These include the 23S rDNA from E. coli (8) , the 16S rDNA from human (9) and mouse (10) mitochondria, and also the 23S rDNA from Z. mays chloroplasts (11) . In this paper we present secondary structure models for the corresponding four rRNA species, based on the same experimental strategy as that which we employed in the case of the E. coli 16S rRNA (2, 3, 5, 12) . Base-paired fragment and crosslink site analyses yielded a network of secondary structural interactions (including several long-range interactions) covering a large proportion of the E. coli 23S rRNA, and clear evidence was found for some structural "switches" (cf. 3,13), one involving 5S rRNA. The optimal base-pairings for these interactions were determined by searching for compensating base changes between the E. coli and Z. mays chloroplast 23S sequences in the regions concerned, and this sequence comparison was used to extend the structures into intervening regions where there was no direct experimental evidence. When the two 23S molecules were compared with the two mitochondrial 16S sequences, a number of areas of primary structural homology could be observed (more extensive than those already published (9)), and this enabled secondary structures for the mitochondrial sequences to be built up simultaneously, all four sequences being compared together for the final refinement of the structures.
MATERIALS AND METHODS
P-labelled 50S ribosomal subunits were prepared from E. coli strain MRE 600 as described (14) , and 23S rRNA was isolated by centrifugation of the subunits through sucrose gradients containing 0.1% dodecyl sulphate and 2 mM EDTA (15) . The isolated RNA was partially digested with ribonuclease T 1 for 30 min at 25 or 37° under a variety of conditions (10-100 units enzyme per A-,, unit of RNA, in buffers containing 10 mM Tris-HCl pH 7.8, 0.1% dodecyl sulphate, and either 0.3 mM EDTA or 0.3-10 mM mag-nesium acetate) o After incubation, the digests were treated with proteinase K (cf. 2) and applied to two-dimensional gels, exactly as described (2, 16) . In other experiments, 50S subunits were dialysed against 10 mM Tris-HCl pH 7.8, 0.03 mM magnesium acetate, treated with ribonuclease T.. (12-50 units enzyme per A,, Q unit 50S) as described previously (17) , and applied to a 5-20% polyacrylamide gradient gel containing 5 mM magnesium at pH 6 (cf. 18): This treatment releases a large number of free RNA fragments from the subunit, and regions of the gel containing these fragments (cf. 17) were applied directly to the second dimension of the two-dimensional gel system above (cf. 2 ) . In all cases, pairs or families of fragments were extracted from the two-dimensional gels and identified exactly as described (2, 16) . Intra-RNA cross-links were generated bv ultra-violet irrad-32 lation of P-labelled 50S subunits, and the cross-link sites identified as described in the case of the 30S subunit (5) .
RESULTS AND DISCUSSION
The results of several hundred base-paired and cross-linked fragment analyses are summarized in Fig. 1 , which is divided into sections corresponding to the various domains of the secondary structure (Figs. 2a-7a, see below). As in our studies on 16S rRNA (2, 16) , the same fragments were often cut at slightly different points by the ribonuclease in the different experiments. Consequently the 3'-and 5'-ends of the fragments listed should be taken as approximate to the extent of 3 or 4 bases. No significant pattern of difference was observed between those fragments obtained from isolated 23S rRNA and those from 50S subunits (see Materials and Methods). The fragment complexes involving 5S rRNA (18a-d, 27a-b) were of course only found in digests of the 50S subunits (see below and Fig. 9 ) .
In the case of the cross-linked complexes (Fig. 1 ) , both oligonucleotide components of the cross-link site could sometimes be identified, and these complexes are illustrated in Fig. 8 (see later). In other cases, however, only one of the oligonucleotides involved in the cross-link could be determined, most probably as a result of the other component of the cross-link being at a position which appears as a short uncharacteristic oligonucleotide in our ribonuclease T-analysis (cf. 5 ) . In such cases, the cross-linked complexes served either to indicate or confirm longrange interactions (e.g. complexes X4, X5, X10), or to give an indication as to where short-range secondary structure could be expected (e.g. complexes X1 , X2). As was previously found (5), all the cross-links so far determined are compatible with the secondary structure.
As explained in the Introduction, the fragment and crosslink data were used as a first basis for building the secondary structure models. The complete structures derived for E. coli and Z. mays 23S rRNA are given in Figs. 2a-7a, and those for human and mouse mitochondrial 16S rRNA in Figs. 2b-7b. The structure diagrams show the base changes between the two pairs of sequences, and also indicate sequence homology between E. coli 23S and human mitochondrial 16S rRNA (see General Legend to Figs.2-7). In Figs. 2a-7a, the sites of kethoxal modification of E. coli 50S subunits (8) are included, and the 5'-and 3'-ends of the fragment pairs (but not of the cross-linked complexes, Fig. 1 ) are also shown. It should be noted that since some of the nuclease digestion conditions used were quite vigorous (see Materials and Methods), the ends of the fragments sometimes occur in double-stranded regions of the structure.
The various elements of the secondary structure vary from those which can be regarded as very well established (elements present in all four sequences, with several pairs of compensating base changes, and supported by fragment and/or cross-link data) to others which must obviously be regarded as tentative. There is no space here to describe the structures in detail, and the following brief notes are intended only to help the reader to find the salient features, and to give a few illustrative examples of various points of interest. FIGURE 2: The interaction predicted (19, 20) between the 5'-and 3'-ends of the E. coli 23S rRNA is supported by comparison with the Z. mays chloroplast 2 3S and 4.5S rRNA species (Fig. 2a) , the 4.5S rRNA being equivalent to the 3'-terminus of E. coli 23S rRNA (20) (21) (22) , and see (Fig. 2a) Fig. 1 5.8S rRNA is opened up in a manner similar to that suggested by Pace et al (25) , then the secondary structure becomes very similar to that shown for the corresponding region in some of the elements of this structure). The "opened-up" structure of the trout 5.8S rRNA is given in Fig. 2c , and the primary sequence homology to E. coli (23) is also indicated. In E. coli however, the region from bases 17-25 is involved in a very well- established interaction with bases 515-527 (fragment pairs 1 and 2, Fig. 1 ). These structures would predict that 5.8S rRNA is basepaired to both the 5 1 -and 3'-ends of the 28S rRNA, and evidence for the latter interaction has recently been published (26) .
denote homology between E. coli 23S rRNA and trout 5.8S rRNA (23, Fig< 2c); see text). The approximate ends of the base-paired fragments (numbered as in
The remainder of the domain shown in Fig. 2a contains a number of loops strongly supported by the phylogenetic evidence, one loop (bases 130-150) being deleted in the chloroplast. There is also a "switch" (fragment pair 3) which is acceptably compatible with the chloroplast sequence. The latter shows an extra loop in the 270-370 region (inset diagram), the "T"-shaped structure for this region in E. coli being clear from the fragment data. Bases 450-490 show strong homology with the mitochondrial RNA (Fig. 2b) , but the two corresponding regions cannot be arranged in an identical structure, and may therefore be involved in other interactions. The whole 5'-region of the mitochondrial RNA (Fig. 2b ) is drastically shorter, shows many mutations between the two species, and the possibilities for secondary structure are very few. It may be that non-Watson-Crick base-pairs occur in this region (as have been found in mitochondrial tRNA (e.g. 9,10)), and it is quences, but in contrast to E. coli/Z. mays none is very convincing. The whole structure shown in Fig. 2b must be regarded as tentative, but the 3'-end of the domain is however clearly defined by the strong homology (bases 172-188) with the E. coli sequence (bases 562-577) .
FIGURE 3: This is a region of highly-conserved secondary structure which is largely self-explanatory. Both structures (Fig.  3a and 3b) are well supported by compensating base changes, the mitochondrial structures showing some clean "amputations". The 590-670 region (Fig. 3a) is supported by a reproducible crosslink (Fig. 8 ) . The interaction between bases 812-817 and 1190-1195 is a good example of the interplay between all four sequences which was exploited in building the structures; the corresponding region in Fig. 3b shows four compensating base changes. There is an extra loop in the chloroplast sequence at position 930, and it is noteworthy that the whole lower domain of the structure (bases 990-1165, Fig. 3a) is shortened in the mitochondrion by approximately one helix-turn. and some regions where the data are not so satisfactory. Two possible structures are suggested for the 1350-1380 area (Fig. 4a) . The main feature in Fig. 4a is the well-supported interaction between bases 1405-1414 and 1588-1597, which was also cross-linked (Fig.  8 ) . The domain enclosed by this interaction contains the largest insert in the chloroplast RNA (11), and is altogether rather variable. The corresponding mitochondrial structure (Fig. 4b) is drastically reduced, but, in contrast to Fig. 2b , can be arranged in a reasonable structure with several compensating base changes. The sequence homologies between the structures in Figs. 4a and 4b are also noteworthy.
FIGURE 5: The structure here, both primary and secondary, is highly conserved. The domain is enclosed by the well-defined interaction between bases 1651-1676 and 1991-2008 (Fig. 5a) . The mitochondrial structures show several amputations, and the chloroplast sequence also shows an amputated loop (corresponding to the 1710-1750 region in E. coli) . The structure for the most highly-conserved region in E. coli and Z. mays (bases 1910-1980) was deduced by comparison with the mitochondrial sequences. ence in this region are denoted as uridines in the Z. mays sequence, there being as yet no evidence (11) for base modifications in the latter). Fig. 5a also contains the "switch" structure (bases 1759-1770) involving 5S rRNA, which was found in the fragment analyses (fragment family 18, Fig. 1 ) , and this is illustrated in Fig. 9 . A corresponding interaction can also be drawn between Z. mays 5S and 23S rRNA (Fig. 9 ) . The fragment data (pair 27) served in addition to confirm the stem structure of 5S rRNA in situ in the 50S subunit. FIGURE 6: Here again the structure is highly conserved, the domain being enclosed by the interaction between bases 2036-2054 and 2615-2630 (Fig. 6a) , although the corresponding interaction in Fig. 6b is not very satisfactory. The domain includes the binding site for ribosomal protein L1 (bases ca. 2090-2200), for which very similar secondary structures have already been proposed (27, 28) . This region is shortened in the mitochondria, the latter also showing some amputations in the lower right-hand corner of the diagram. Baer and Dubin (29) have proposed a structure for the region between bases 2450 and 2610, which differs from the structure shown in Fig. 6a in that they pair bases 2506-2513 with bases 2575-2582. Both possibilities are supported by compensating base changes (between all four sequences) so it is likely that both versions are correct; the situation closely parallels the "switch" in Fig. 2a . It is noteworthy that Fig. 6a sites throughout the 23S rRNA are in single-stranded regions (Figs. 2a-7a ). FIGURE 7: The region up to base 2790 (Fig. 7a ) is characterized by good fragment data (Fig. 1 ) , and a clear cross-link site (Fig. 8 ) , as well as by compensating base changes. As already mentioned above, the 3'-end of the E. coli 23S rRNA corresponds to the 4.5S rRNA in chloroplast (20) (21) (22) , the 5'-terminus of the latter being indicated in the Figure. The structure for this region in Fig. 7a is almost identical to that proposed by Branlant et al (20) . The precise 3'-end of the 23S rRNA in Z. mays is not yet certain (11) , and the inserted bases corresponding to the rDNA can be arranged in the secondary structure shown in the inset diagram. The structures suggest that the 4.5S rRNA is not hydrogen-bonded to 23S rRNA, in agreement with published observations (30) and in contrast to 5.8S rRNA (see above). The corresponding region in mitochondrial rRNA (Fig. 7b) is drastically shortened, but shows one loop which is obviously homologous to the 23S rRNA structure. Fig. 1) . The arrowed structure is the interaction found with 23S rRNA (Fig. 5a ). (Fragment 18a was reproducibly formed by a contaminating ribonuclease A activity) . The corresponding structure for Z. mays 5S rRNA (31) and its possible interaction with 23S rRNA are shown below.
In all there are over 450 compensating base changes between the E. coli and Z. mays chloroplast 23S rRNA species, and over 100 such changes between the two mitochondrial 16S sequences. The structures presented here provide a firm basis for further work on ribosomal RNA, and demonstrate that base-paired fragment and cross-link site analysis, coupled with sequence comparison, offers the most powerful combination currently available for the determination of secondary structure in large RNA molecules.
